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Abstract:  
Interactions between genetic and environmental factors in migraine are well known and can 
potentially determine an individual’s susceptibility to disease and responsiveness to 
treatment. Consequently, several epigenetic studies have been conducted to determine if 
and how genes are activated or inactivated in response to a diverse range of environmental 
migraine triggers. The results, in turn, have helped elucidate how these factors can promote 
or inhibit migraine progression or therapeutic response and can guide development of 
precision medicines for migraine treatment. This review summarizes the current evidence 
and latest findings (accessible mainly through Medline-PubMed) that reveal epigenetic 
processes contributing to migraine pathogenesis acting via various distinct mechanisms. One 
of the most studied mechanisms, DNA methylation within the human methylome, may 
provide a potential epigenetic signature for migraine. Recent basic experimental data and 
clinical findings will be presented here to highlight that epigenetic studies hold great 
potential to explain risk factors, migraine chronification, and therapeutic responses. Current 
challenges and unmet needs are also addressed to promote further investigation of the role 
of migraine epigenetics in disease pathophysiology and to discover useful biomarkers to 
guide development of more effective therapeutics. 
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1. Migraine 
Migraine is a recurrent neurological disorder characterized by moderate to severe headache 
attacks that are often accompanied by neurological and systemic symptoms [1, 2]. Hypersensitivity 
to light and sound, cutaneous allodynia, nausea and vomiting, and various degrees of cognitive 
impairment often occur during one or several migraine phases [2]. These symptoms highlight a 
complex pathophysiology that reflects the involvement of multiple neural networks and brain 
regions in triggering the disorder [3, 4]. Current understanding of migraine pathophysiology 
collectively suggests that migraine is a disorder of the nervous system characterized by structural 
and functional changes in the trigeminovascular system. More specifically, alterations observed in 
brain connectivity, as well as in activation of brain stem, hypothalamic, and thalamocortical 
circuits are suspected to play key roles in the disorder [4]. Advances in understanding of migraine 
pathogenesis have led to identification of new migraine-associated genes and brain regions that 
are activated at the earliest stages of a migraine attack; these results highlight the potential roles 
of cervical nerves and neuropeptides in migraine initiation [4].  
Migraine is ranked as one of the most prevalent and disabling medical disorders around the 
globe [5]. Lifetime prevalence of migraine is 33% in women and 13% in men [1]. The mean 
prevalence of current migraine in adults is 14.7% (8% in men and 17.6% in women) [6]. Migraine 
poses a significant personal and economic burden [7, 8], with an annual cost burden estimated at 
$20 billion in the US and €27 billion in Europe [9]. Continuous absenteeism from the workplace 
due to debilitating migraine attacks has been shown to impose a higher cost burden than actually 
generated by treatment costs [10]. Indeed, 19% of total lost work productivity is a result of the 
collective impact of all chronic diseases, with migraine alone responsible for 89% of disease-
related burden [11]. 
Current strategies to manage migraine are largely inadequate [12] and are largely based on the 
use of triptans [13] for acute management of migraine and of botulinum neurotoxin for 
prevention of chronic migraine [14]. However, recent progress in mechanistically informed drug 
development has resulted in the creation of a new class of drugs [15] with promising disease-
specific therapeutic effects for migraine management. These drugs include monoclonal antibodies 
developed against calcitonin gene-related peptide (CGRP) (eptinezumab, galcanezumab, 
fremanezumab) and the CGRP receptor (erenumab). These drugs have shown promising efficacy 
and acceptable safety profiles in clinical trials [16]. In May 2018, the FDA (Food and Drug 
Administration) and EMA (European Medicines Agency) approved erenumab (Aimovig), a first-in-
class drug for the prevention of migraine in adults. 
Genes and environment encompass numerous known risk factors for migraine pathogenesis [4, 
17]. Changes in barometric pressure, stress, altered metabolism, diet, hormones, and sleep 
disturbances have all been demonstrated to influence migraine susceptibility and treatment 
response. Meanwhile, several factors known to increase the risk of transition from episodic to 
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chronic migraine include recurrent attacks, abortive medication overuse, inadequate migraine 
attack management, and obesity [1, 18]. Female gender, depression, anxiety, and comorbid pain, 
as well as other disorders, are also risk factors for chronic migraine [18], a phenotype likely 
determined by both genetic and environmental factors [17]. 
Migraine has been long considered to be a heritable disorder [19]. While genome-wide 
association studies have yet to demonstrate large effects of genetic alterations on migraine risk 
[20], single gene mutations have been identified for rare migraine, including familial hemiplegic 
migraine (FHM) [21]. FHM is a rare autosomal dominant type of migraine with aura characterized 
by reversible motor weakness that typically resolves within minutes to hours [22, 23]. Classically, 
three genes are known to be associated with the three known types of FHM [1]. FHM type 1 is 
characterized by gain-of-function mutations in the gene for CACNA1A, a protein which encodes 
the α1 subunit of neuronal Cav2.1 calcium channels on excitatory glutamatergic neurons. FHM 
type 2 is known for gain-of-function mutations in ATP1A2, which encodes the α2 subunit of 
Na+/K+-ATPase pumps located on astrocytes. In these two types of FHM, net excitatory 
neurotransmission is evident, due to unregulated release or reduced uptake of synaptic glutamate. 
FHM type 3 is characterized by loss-of-function mutations in SCNA1, which encodes the pore-
forming α1 subunit of neuronal Nav1.1 sodium channels that span membranes of inhibitory 
interneurons. This mutation results in unregulated firing of excitatory neurons [1, 22, 23].  
Genome-wide association studies (GWAS) [24, 25] examining migraine susceptibility genes have 
identified one DNA variant within the MTDH gene that is associated with migraine with aura, as 
well as six gene loci (MEF2D, TGFBR2, PHACTR1, ASTN1, TRPM8, and LRP1) for migraine without 
aura. Notably, these genes are involved in glutamatergic neurotransmission or neuronal and 
synapse development and could influence enhanced cortical excitability in migraine. Meanwhile, a 
meta-analysis of GWAS [25] revealed 44 independent single-nucleotide polymorphisms 
significantly associated with migraine risk. These single-nucleotide polymorphisms mapped to 38 
distinct genomic loci. Of these loci, 28 had not been previously reported and included the first X-
linked migraine-associated gene ever identified. Notably, five of the loci are involved with or 
linked to ion channels that influence neuronal excitability. In other studies, genes expressed in 
vascular and smooth muscle tissues have also been identified, indicating that vascular 
homoeostasis could be integral to migraine pathogenesis for at least some patients [1, 24, 25]. 
Despite great efforts, until now GWAS have only explained a fraction of the total heritability of 
migraine. Therefore, non-genetic factors such as known environmental triggers of migraine should 
also be included in the analysis [26]. In fact, twin studies have provided information on genetic-
environment interaction in migraine, showing that heritability ranges from 40 to 60%, with a 
contribution of nonshared environmental factors of 35-55% [27-29]. These results thus suggest 
that genetic factors and environment play almost equally important roles in migraine. Various 
environmental factors, such as alcohol consumption, smoking, nutrition, stress, environmental 
changes, exercise, and menstrual cycles in women, have been frequently reported to be 
associated with migraine [30]. Such modifiable risk factors could be controlled to enhance patient 
quality of life and reduce the burden of disease.  
To investigate the role of environmental factors in migraine, studies have recently 
demonstrated that epigenetics may play an important role [31]. For instance, a direct correlation 
has been observed between cortical spreading depression (CSD) and changes in epigenetic 
markers within neuronal plasticity genes [32]. Meanwhile, other studies have revealed a 
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suggestive link between mitochondrial dysfunction and a decrease in migraine attack threshold, 
highlighting the potential participation of dysfunctional mitochondrial DNA methylation as a new 
avenue of migraine research [33]. Unfortunately, current symptomatic and prophylactic 
treatments for migraine are effective in less than half of patients [34]. Moreover, the effects of 
some analgesics and triptans change over time and are dependent upon frequency of use. 
Because these observations are not solely explained by genetic alterations, the possibility that 
epigenetic changes might play a role should be investigated further. Recent techniques including 
array-based analysis or next-generation sequencing enable genome-wide and high-throughput 
analysis of epigenetic markers [31, 35]. These techniques permit analysis of histone modifications 
(by chromatin immunoprecipitation), DNA methylation (by bisulfite conversion of unmethylated 
cytosines or by immunoprecipitation of methylated DNA using antibodies), and methyl-CpG-
binding domains [36].  
A recent study proposed for the first time that the pattern of DNA methylation in genetic 
regulatory elements involved in migraine pathogenesis might be altered, increasing susceptibility 
to migraine attacks. Consequently, Gerring et al. [37] investigated genome-wide patterns of DNA 
methylation in whole blood from migraine patients compared with sex- and age-matched controls. 
Association analyses between migraine and DNA methylation detected using probes 
demonstrated 62 independent regions that were differentially methylated. Further analysis by this 
group [37] found that these regions were enriched within genomic regulatory elements residing in 
close proximity to genes involved in solute transport and hemostasis [37]. 
Recently, epigenome-wide association studies have proposed that associations of epigenetic 
markers to a trait could be used in conjunction with genetic variations discovered using GWAS [38] 
to advance our understanding of gene-environment interactions in migraine, although at present 
the role of epigenetics in migraine is an emerging but underexplored field. A 2017 review [39] 
included 15 English-language publications based on a Medline-PubMed literature search focusing 
on the involvement of various epigenetic mechanisms in headache. Although migraine was 
included in their search terms, the review [39] that included other primary headaches is the most 
recent review in the field of epigenetics and headache. Collectively, the reviewers concluded that 
limited but consistent evidence points to a relationship between epigenetics and headaches, 
particularly for migraine headaches [39]. A summary of the findings revealed potential 
participation of hypomethylation, hypermethylation, hyperacetylation of H3 histones, and 
alterations in certain miRNAs. These findings are reviewed below. After epigenetics is first briefly 
defined, primary epigenetic-based mechanisms are discussed, followed by presentation of 
detailed evidence on the role of epigenetic mechanisms in migraine. 
Epigenetics was first defined by Conrad Waddington in 1942 [40] and is used to describe 
modifications to the function of a gene that do not alter the DNA sequence of the gene itself. 
Epigenetic processes encompass a range of chemical modifications to diverse types of 
chromosomal sites, including RNA- and protein-coding sequences, transcription factor-binding 
sites, and DNA methylation sites, that mediate effects of genetic, environmental, and stochastic 
factors on gene expression [41]. Epigenetics encompasses molecular mechanisms that include 
DNA methylation, histone posttranslational modifications (PTMs), nucleosome repositioning, 
chromatin remodeling, effects of noncoding RNAs, and RNA editing [42, 43]. Ultimately, 
epigenetics represents partially heritable alterations that can influence gene expression through 
higher structural modifications of chromatin, not through DNA sequence alterations [44].  
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Epigenetic functions can be divided into three main systems that include methylation, histone 
modification, and RNA-associated silencing [42]. These alterations often involve chemical addition 
or removal of methyl or acetyl groups, resulting in altered chromatin conformation that 
subsequently induces altered gene expression. Alterations are triggered by either environmental 
factors or aging processes [45], the latter of which have been recently reviewed with emphasis on 
the role of DNA methylation in age-related disease [46]. For common diseases of aging, an 
epigenetic framework can help provide an explanation of three important characteristics: age-
dependence that is not well explained by accumulated mutations, the quantitative nature of a 
trait, and the mechanism by which the environment may modulate genetic predisposition [46, 47]. 
Epigenetic alterations may influence disease phenotypes by affecting the target gene directly, 
regardless of sequence variation within the gene. Alternatively, the influence of epigenetic 
markers on disease phenotypes can occur via interactions with specific DNA sequence variants 
[47]. 
2.1. DNA Methylation  
DNA methylation (5-methylcytosine) involves the addition of methyl groups via the covalent 
modification of CpG (5'-cytosine-phosphate-guanine-3') sites distributed throughout the genome. 
These modifications exhibit transcriptional regulatory properties, with high levels of DNA (or CpG) 
methylation observed particularly near transcription start sites. Although such methylation has 
been traditionally associated with decreased gene expression, recent studies have shown CpG 
methylation to be actually associated with increased expression as well [48]. Thus, regulatory 
properties of CpG methylation are far more complex than previously envisaged. Notably, DNA 
methylation changes in response to genetic, environmental, and stochastic factors can be 
preserved between cell divisions, as well as across generations in some instances [49]. DNA 
methylation therefore represents a critical cellular phenotype that can be mapped on a genome-
wide scale to DNA sequence variation and gene expression, providing an integrated model of 
disease susceptibility. Indeed, methylation [43] is the primary form of epigenetic modification, 
with numerous diseases associated with differentially methylated regions. Consequently, 
demethylating agents or methyl donors are being intensively evaluated as epigenetic therapies 
[50]. 
The mechanistic action whereby methylation of DNA sites blocks binding of transcription 
factors to other regulatory sequences (e.g., enhancers) occurs through the recruitment of MECP2 
proteins, which bind to methylated cytosines and attract histone deacetylases (HDACs). HDACs, in 
turn, promote formation of a closed chromatin conformation that also prevents the transcriptome, 
a critical complex involved in DNA polymerase binding, from associating with promoter sites. In 
this way, methylation further downregulates transcription and, by acting in conjunction with other 
pathways, partly controls gene expression [51-54]. Therefore, DNA methylation patterns can be 
inherited but can also be altered, ultimately influencing DNA expression without modifying the 
DNA sequence. Preferential sites of DNA methylation include DNA strands with a high 
concentration of cytosine and guanine repeats (CpG islands) [55]. Indeed, alterations in the levels 
of DNA methylation are a known mechanism for the fine-tuning of gene expression [56] in 
response to changing environmental conditions, with an increasing number of studies correlating 
epigenetic modifications with disease phenotypes [57, 143]. These studies have focused almost 
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exclusively on DNA methylation, since the associated quantitative assays permit detection of small 
methylation changes associated with a phenotype in heterogeneous tissue samples [37, 58]. 
2.2. Histone Modification  
Histones [59] are the principal nuclear proteins responsible for DNA condensation and 
decondensation. DNA is wrapped around protein octamers containing four pairs of core histone 
proteins associated with linker and specialized variant histones. This complex of multiple histones 
and interlaced DNA comprises a nucleosome, which mediates the structure and function of 
individual transcriptional units. Histones contain basic N-terminal tails that preferentially undergo 
multiple posttranslational modification events, such as acetylation, methylation, phosphorylation, 
ubiquitylation, sumoylation, ADP ribosylation, deamination, or proline isomerization. These events 
determine nucleosomal conformational properties, environmental responsiveness, and 
transcriptional activity that can subsequently and influence additional epigenetic DNA 
modifications [60]. Through reactions catalyzed by histone acetyltransferase enzymes, histones 
are acetylated by activators, promoting chromatin structural shifts from closed to open 
configurations; the opposite effect is induced by inhibitors that direct deacetylation of histones. 
Meanwhile, ubiquitination is another type of chemical modification that can alter histone 
structure through the formation of internal chains attached to lysine residues within histone 2A. 
Ubiquitination ultimately reduces the positive charge of the histone, promoting a more open 
conformation that is permissive to transcription. Phosphorylation is yet another modification that 
creates an open chromatin structure to allow transcription; introduction of negative charges of 
phosphate groups make histones less positively charged, resulting in greater repulsion between 
histones and negatively charged DNA [61]. Finally, various combinations of the aforementioned 
chemical changes can also act to affect chromatin structure. For example, phosphorylation of 
histone residue H3 on serine 10 promotes acetylation on the adjacent lysine 14 residue [62]. 
2.3. Noncoding RNAs  
Noncoding RNAs (ncRNAs) are RNA molecules of various sizes with diverse functions that are 
abundantly found across many cell types and play an essential role in gene regulation [63]. ncRNAs 
are divided into several subclasses, one of which includes long noncoding RNAs (lncRNAs) 
associated with important functions, most of which are regulatory in nature [64-66]. Within the 
epigenetics field, ncRNAs are defined as either long or short, with an arbitrary length demarcation 
between types set to 200 nucleotides [67]. This size distinction is useful for distinguishing among 
the current characterized classes of small functional RNAs, including miRNAs, piRNAs (PIWI-
interacting RNAs), siRNAs (small interfering RNAs), snoRNAs (small nucleolar RNAs), and tRNAs 
(transfer RNAs) from long noncoding RNAs (lncRNAs) [68]. Functions that have been associated 
with ncRNAs include transcriptional activation, gene silencing, imprinting, dosage compensation, 
translational silencing, and modulation of protein function [69]. Short and lncRNAs play important 
roles in neuronal epigenetic mechanisms [70], where the roles of ncRNAs in neuronal and 
cognitive functions are just beginning to be explored. Emerging studies have recently introduced 
the concept that ncRNAs are involved in the epigenetic process underlying cognition, as well as in 
cognitive disorders such as schizophrenia and Alzheimer's disease [71]. Meanwhile, although 
assessment of lncRNA in pain and headache disorders is still in its infancy, lncRNAs may serve 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 7/26 
crucial roles in cell development, proliferation, differentiation, migration, and invasion [72]. It is 
important to note that epigenetic changes are not independent of one another and crosstalk does 
exist [73]. It is therefore important to examine additional layers of epigenetic regulation. 
Understanding epigenetic regulation at both genome-wide and gene-specific levels will provide 
insights into how changes occur and how they can be reversed. 
3. Epigenetics of Pain 
Although epigenetics of pain [73-78] is beyond the main scope of this review, environmental 
and behavioral factors that influence pain through epigenetic processes [79, 80] may also be 
relevant to the epigenetics of migraine. Indeed, evidence exists for epigenetic modulation, both in 
the acute pain response and in chronic pain [76, 81]. For example, in both animal models and 
humans, continuous DNA methylation induced by low back pain has been linked to increased and 
faster degeneration of vertebral disks [75, 82]. In animal nerve injury models, sustained histone 
deacetylation has been reported to generate permanent C-fiber dysfunction [83], decreased 
responsiveness to morphine analgesia, and upregulation of pronociceptive metabotropic 
glutamine receptors [75, 83]. Epigenetic processes have also been linked to variations in the 
production of stress-induced glucocorticoids, differential responsiveness to steroidal anti-
inflammatory drugs, and glucocorticoid resistance that have all been proposed to contribute to 
pathological chronic pain conditions [75]. The role of the nonneuronal glial cell [84] is also 
becoming apparent in chronic pain [85], since these cells are highly responsive to environmental 
insult. It has been suggested that defects in mRNA editing or in DNA regulation within glial cells 
promotes deregulated pain. Thus, chronic pain may be due to pathological RNA editing and DNA 
rewriting that persistently affects glial cell activity [86]. Because DNA methylation associated with 
chronic pain appears to be widespread, it is possible that general modulators of DNA methylation 
acting system-wide may also participate [73]. Although DNA methylation modifiers are still only 
tools for research, a novel genome-editing technology may offer clinical value moving forward. For 
example, TET-TALE fusion proteins have been shown to effectively target and demethylate 
individual genes in vitro [87], while Cas9 DNA-editing systems offer novel and flexible approaches 
to individual gene targeting [88]. 
Interestingly, several readily available nutritional compounds have been identified that can 
modify DNA methylation, such as folate, a B-vitamin administered to pregnant women to reduce 
the risk of infant neural tube defects. Meanwhile, for treatment of neuropathy, folate has been 
shown to facilitate neural regeneration in a dose-dependent manner via DNA methylation 
machinery-dependent processes [89]. For another disorder, idiopathic juvenile arthritis, the oral 
HDAC inhibitor Givinostat relieved arthritic symptoms after 12 weeks of treatment but did not 
reduce the pain component of the disease [90]. Another nutritional compound, glucosamine, is 
produced by the body for biosynthesis of cartilage-repairing glycoproteins and glycosaminoglycans 
and is available as a nutritional supplement for joint and pain management in osteoarthritis [91]. 
Evidence suggests that glucosamine also alters the methylation status of chromatin [92]. 
Therefore, a role for epigenetic modifications in pain is likely [75] and the therapeutic potential 
already exists to alter epigenetic processes to improve analgesic outcome. 
Numerous diverse studies are exploring roles of lncRNAs in different types of pain, including 
neuropathic pain. Recent evidence indicates that lncRNAs are upregulated or downregulated in 
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some neuropathic pain models. For example, the expression of lncRNA colon cancer-associated 
transcript-1 (CCAT1) in a neuropathic pain model of bilateral sciatic nerve chronic constriction 
injuries (bCCI) has been found to be decreased [93]. In this study, lncRNA CCAT1 overexpression 
was demonstrated to increase pain threshold and reverse cold allodynia in rats. Collectively, 
findings from these studies highlight a potential role of lncRNAs as a novel group of targets for the 
treatment of neuropathic pain [94]. Consequently, RNA-associated silencing and the role it plays in 
disease is becoming an important research area [95, 96]. 
4. Migraine Epigenetics 
Accumulating evidence is implicating epigenetic mechanisms as important in migraine 
pathogenesis. These results may eventually guide development of tests to determine disease 
susceptibility and predict disease course for a given individual. Eventually this information should 
inform the development of precision medicines, including epigenetic-based therapies for efficient 
pharmacotherapy of migraine [31]. In a 2008 review [97], a detailed outline of genetic studies of 
patients with primary headaches (mainly migraine) and a comprehensive hypothesis incorporating 
advances in epigenetics were presented [98]. After considering epigenetic factors, environmental 
factors likely to act via epigenetic changes were later highlighted by Schürks [98], suggesting that 
medication responses could be rooted in epigenetics. His pharmaco-epigenetic model of migraine 
was based on his argument that only half of migraine patients respond to abortive and preventive 
drugs [34]. In addition, the observation that patient responses to triptans change over time and 
depend on administration frequency might also be explained by epigenetic factors [98]. 
4.1. Environmental Factors and Migraine 
Environmental factors originate from nutritional, psychological, hormonal, or behavioral factors 
that may trigger migraine either directly or indirectly by lowering the migraine attack threshold of 
the brain, making the brain more susceptible to triggering factors [31]. Female sex hormones have 
long been associated with migraine [99] and migraine affects up to three times more females than 
males [100, 101]. Hormonal events in females are known to be key contributors and include the 
menstrual cycle, pregnancy, or contraceptive use [102]. Menopause is, however, associated with a 
decline in migraine risk, most likely as a result of reduced estrogen and progesterone production 
[103]. Meanwhile, animal studies have demonstrated that female hormones directly affect 
migraine-associated processes. For example, in a transgenic mouse model of FHM using mice 
carrying the pathogenic gene mutation [19], increased susceptibility for CSD induction was 
observed, but only in female mice [104]. When female mice underwent ovariectomy, susceptibility 
for CSD induction was reduced but could be subsequently restored by exogenous administration 
of estrogen [104]. A number of other studies in rats have also demonstrated that menstrual cycle, 
ovariectomy, or exogenous administration of estrogen altered activity of the trigeminal 
nociceptive pathway [99]. These results could be attributed to female hormonal signals 
transmitted predominantly via nuclear receptors that subsequently adjust epigenetic 
programming of their target genes [105]. One such target, the estrogen receptor beta gene, 
regulates expression of the glucose transporter Glut4 through low-level DNA methylation [106]. 
Exogenous administration of an estrogen receptor beta agonist has been reported to increase 
gamma-aminobutyric acid (GABA) synthesis [107], while estrogen receptor alpha activation is 
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associated with enhanced expression of the astrocytic glutamate transporter GLAST [108]. 
Considering these findings, a change in the balance between inhibitory and excitatory 
neurotransmission may contribute to increased neuronal excitability during migraine attacks, 
ultimately leading to hyperexcitable brain [109]. Indeed, this has been demonstrated in a 
transgenic mouse model of FHM1, where glutamatergic signaling and cortical neuronal activity are 
increased [110]. 
Stress is another well-known trigger of migraine [111] and is heavily influenced by 
environmental programming through epigenetic mechanisms. A rat model of early life stress 
imposed by deficient maternal care demonstrated effects on the epigenome [112, 113] that 
resulted in behavioral and stress responsiveness effects that persisted for life. The mechanism 
underlying this phenomenon was attributed to increased DNA methylation observed within the 
brain-specific promoter of the glucocorticoid receptor gene Nr4a3, the main receptor for 
glucocorticoid stress hormones [112]. Other studies have also shown that early life stress may lead 
to increased risk for migraine [114], with evidence demonstrating a link between posttraumatic-
stress disorder (PTSD) and migraine [115]. Although the odds of PTSD are increased in both female 
and male migraine patients, this association is stronger in men [115]. 
There are a number of other environmental factors [116] known to trigger migraine attacks, 
but whether epigenetic mechanisms are involved has yet to be demonstrated. Odors and air 
pollution are reported as migraine triggers, as several reports have demonstrated strong links 
between airborne chemicals and headaches [117]. Recently, it was suggested that TRPA1 agonists 
are critically involved in air pollution-induced human headache [118]. TRPA1 agonists acrolein and 
formaldehyde are environmental irritants found in indoor and outdoor pollution. Although few 
studies [119, 120] have examined whether environmental irritant exposures induce migraine 
behavioral phenotypes, the results from these studies suggest that inhalation exposure to 
environmental irritants induces trigeminovascular and central nervous system sensitization, 
reproducing some features of chronic migraine models [119, 120]. These studies highlight that 
TRPA1 receptors have important roles in migraine and that they could be targeted for therapeutic 
purposes [119, 121]. Lipid signaling may be another potential mechanism by which repeated 
exposure to acrolein may drive trigeminovascular sensitization [120]. 
Wu et al. [122] evaluated the role of the JNK/c-Jun cascade in regulation of histone H3 
acetylation within rat trigeminal neurons in vitro following neurotoxic stimulation with mustard 
gas. This study [122] was the first to provide solid evidence for JNK kinase involvement in the 
epigenetic modulation of histones within peripheral trigeminal neurons in response to chemical 
environmental stimulation. More recently, c-Jun has also been shown to be an inducible 
transcription factor whose phosphorylation occurs in response to nerve injuries, infections, and 
nervous system inflammation [123-125]. 
The importance of CGRP in migraine pathophysiology has been demonstrated in migraine 
patients by induction of migraine headaches through injection of CGRP receptor agonists [126] 
and conversely through the alleviation of migraine pain using a CGRP receptor antagonist [127]. 
Meanwhile the indirect involvement of regulation of CALCA and RAMP1 genes in migraine 
susceptibility has been suggested in several studies. Wan et al. examined whether the methylation 
pattern in the promoter region of the RAMP1 gene in peripheral leukocytes is associated with 
migraine [128] by studying 51 subjects (26 patients with migraine and 25 healthy age- and gender-
matched controls) who were treated with bisulfite followed by measurement of DNA methylation 
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levels within the RAMP1 promoter region. Overall, no significant difference between migraine 
patients and controls was observed in the methylation of 13 CpG sites within the promoter region 
of the gene, specifically at base positions between -300 and 205 bases with respect to the start of 
transcription. However, a slight tendency for globally increased methylation was found in migraine 
patients. A later stratified analysis showed that methylation levels of CpG dinucleotides at base 
positions +25, +27, and +31 bases from the transcription start site were significantly associated 
with a family history of migraine. In addition, methylation of CpG at positions +89, +94, and +96 
was related to migraine in women. Interestingly, when methylation levels in the latter region 
decreased below 3.50%, the risk of migraine increased significantly in women but not in men. 
Therefore, the authors suggest that methylation of this region in peripheral leukocytes could be 
considered an “epigenetic biomarker” to predict migraine risk in the female population [128]. 
Despite its limitations in terms of the limited number of samples and testing only in leukocytes, 
this study provides the first evidence that DNA methylation in the promoter region of the RAMP1 
gene may play a role in migraine. 
Considering growing evidence of the involvement of glia in pain, Park et al. [129] investigated 
whether epigenetic mechanisms influence specific cellular expression of the CALCA gene. This 
group used rat and human commercially available cell lines and primary glial cell cultures of rat 
trigeminal ganglia to measure DNA methylation and histone acetylation within a CpG island close 
to an enhancer region that is active in neurons but inactive in glia. They found that DNA 
methylation and acetylation of H3 histones of the CpG island correlated with expression of the 
CALCA gene, with hypomethylation observed in cells that express the gene and hypermethylation 
or hypoacetylation observed in cells that do not express it (e.g., glial cells). This indicates that the 
specific cellular pattern of histone methylation and acetylation could explain silencing of both rat 
and human CALCA genes in different cell types. In addition, this study examined the functional 
consequence of altered chromatin status using quantitative measurements of calcitonin mRNA 
and CGRP after addition of the methylation inhibitor 5-aza-2'-deoxycytidine and an inhibitor of 
histone deacetylase, trichostatin A. Treatment of cells with 5-aza-2'-deoxycytidine induced 
expression of the CALCA gene in both human and rat glia cultures, while treatment with 
trichostatin A had no effect. Surprisingly, combined treatment of trichostatin A and 5-aza-2'-
deoxycytidine showed a very powerful synergistic effect on the induction of CALCA gene 
expression in glia, suggesting that DNA demethylation must occur prior to histone acetylation. 
Nevertheless, methylation of this region is a key determinant for specific cellular expression of this 
gene and epigenetic modulation is sufficient for the induction of CALCA gene expression in glia.  
Neurogenic inflammation has also been implicated in migraine. Because CALCA gene expression 
is systematically induced only during inflammation in tissues lacking normal expression of this 
gene, procalcitonin, a calcitonin precursor produced upon CALCA induction, is a biomarker worth 
exploring in migraine [129]. A limitation is that due to the inaccessibility of human neurological 
tissue, most studies have been performed using human leukocytes, cell lines, or rat neurological 
tissues. It is therefore unclear whether patterns of DNA methylation in blood leukocytes correlate 
with patterns in neurological tissue. To address this concern, Labruijere et al. [130] studied DNA 
methylation patterns in rat leukocytes and tissues including dura mater, trigeminal ganglia, and 
caudal trigeminal nucleus. DNA methylation patterns of genes associated with migraine 
pathophysiology that are likely epigenetically regulated, including genes for CALCA, RAMP1, CRCP, 
and CALCRL, were compared in various tissues. For previously studied genes coding for CALCA and 
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RAMP1, methylation pattern concordance was observed among all tissues, thus demonstrating 
that CALCA and RAMP1 gene results could be extrapolated to neurological tissue [130]; however, 
this result was not observed for the other two genes. Meanwhile, the authors observed high 
agreement between DNA methylation in rat and human leukocytes [130], indicating that it is 
possible to study DNA methylation in rat tissues for tissues or samples that would be difficult to 
obtain from humans. In contrast, several genes encoding proteins involved in the methylation 
cycle, such as the methylene tetrahydrofolate reductase gene (MTHFR), have not been associated 
with migraine using GWAS. Nevertheless, methylation of some genes associated with migraine 
might be epigenetically regulated [130].  
Inflammation has long been suggested to play a role in migraine. For example, proinflammatory 
cytokines are released during CSD in rat hippocampus [131]. Interestingly, inflammatory mediators 
may induce gene expression changes by altering epigenetic processes [132], while their expression 
may be reduced by treatment with HDAC inhibitors [133]. Immune mediators have also been 
shown to be involved in sensitization of nerve endings in the meninges that promote pain 
sensation [134]. This sensitization is the result of vasodilation and the release of proinflammatory 
cytokines. Notably, prolonged inflammatory pain was shown to promote pain sensitivity by 
causing histone hypoacetylation of the Gad2 gene, which is involved in GABAergic signaling [135]. 
Therefore, migraine-related pain may induce the sensitization of certain pain pathways via 
inflammation-induced changes in epigenetic gene regulation. 
4.2. Chronification of Migraine 
Attack frequency may change over the lifetime of a migraine patient and, in some patients may 
progress to chronic migraine. Because migraine patients with a high baseline attack frequency are 
at increased risk for chronic migraine [136], migraine attacks themselves might promote 
development of chronic migraine. Additionally, recent studies have shown that synchronous 
neuronal activity, such as that occurring during CSD, results in changes in epigenetic markers 
within genes involved in neuronal plasticity and neuroprotection [32, 137]. These results align with 
evidence that epigenetic mechanisms involved in the regulation of basal synaptic activity can also 
induce long-term changes in synaptic activity levels [138]. CSD is a wave of neuronal and glial 
depolarization that propagates slowly throughout the cerebral cortex, followed by sustained 
suppression of spontaneous neuronal activity. During CSD, cortical changes and activation of 
metalloproteinases break down the blood-brain barrier, allowing chemical mediators to activate 
trigeminal terminals surrounding meningeal vessels [139]. Evidence exists that suggests that CSD 
also may be involved in the epigenetic control of gene expression through induction of histone 
modifications. It has been established that trimethylation of lysine 4 in histone H3 (H3K4) occurs in 
all active genes, while trimethylation of H3K9 occurs in compact heterochromatin that is 
transcriptionally inert. Based on these facts, Passaro et al. [32] assessed whether CSD causes 
epigenetic modifications in rat chromatin levels of H3K4 and H3K9 methylation by comparing 
results for a cerebral hemisphere with CSD induction to results for the contralateral hemisphere 
without CSD induction. Subsequently, epigenetic modifications of chromatin were evident in rats 
24 hours after CSD induction, with a significant decrease in dimethylation and monomethylation 
of H3K4 and an increase in dimethylation of H3K9 [32]. In another study, Rana et al. [140] 
examined H3K4 and H3K9 dimethylation levels at specific loci in rat brains 24 h after CSD induction. 
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The neuroprotective genes iNOS and HIF-1α showed marked increases in lysine 4 dimethylation 
and decreased lysine 9 dimethylation of H3 histones. These results confirm the hypothesis that 
epigenetic regulation of gene expression is influenced by CSD.Taken together, it is conceivable 
that increased neuronal activity in migraine alters the brain epigenome, thereby promoting 
subsequent migraine attacks and creating a feed-forward loop. In this paradigm, epigenetic 
programming of genes and pathways underlying excitability may be altered towards a more 
sensitive baseline state as a mechanism underlying migraine chronification.  
A study conducted by Winsvold et al. [141] supports the association between changes in the 
methylation of genes that regulate synaptic plasticity and chronification of headache. This study 
was conducted using 36 female patients who progressed from episodic to chronic headache 
between initial assessment and follow-up 11 years later, with 35 age- and gender-matched 
controls experiencing episodic headache. DNA methylation was subsequently quantified at 
485,000 CpG sites and changes in methylation in cases and controls were compared in two steps 
using linear regression analysis [141]. After combining the results from both stages of analysis, 20 
CpG sites were identified that were associated with the chronification of headaches, although 
none reached the threshold of statistical significance in a fixed-effect meta-analysis. CpG sites with 
greatest association with chronification were located within genes for SH2D5 and NPTX2, both 
regulators of synaptic plasticity. Ultimately, the complete list of CpG sites with the greatest 
association exhibited enrichment of genes related to calcium ion-binding function. Nevertheless, 
given that this was a cross-sectional study, it is not possible to conclude whether changes in 
methylation of these genes were a cause or consequence of frequent headaches [141]. 
Because migraine is comorbid with other disorders, study of comorbid disorders may be helpful 
to understanding migraine. For example, the role of epigenetic mechanisms in depression [142], a 
disorder comorbid with migraine, is evident from animal models for major depressive disorder 
that show large changes in epigenetic programming of stress-related genes, (e.g., the gene for 
BDNF) that are reversed by antidepressant treatment [143, 144]. For another comorbid disorder, 
epilepsy, the contribution of epigenetics to epilepsy is illustrated by the high occurrence of this 
disorder in Rett syndrome and alpha thalassemia mental retardation, two disorders caused by 
mutations in epigenetic effector proteins methyl CpG binding protein 2 (MeCP2) and ATRX, 
respectively [145, 146]. In addition, the brain of temporal lobe epilepsy patients contains 
increased DNA methylation at the Reelin promoter [147], a gene involved in brain plasticity, with 
reduced expression (resulting from methylation) that contributes to epilepsy pathogenesis [148]. 
These examples of comorbid conditions show that causal pathways shared between migraine and 
its comorbid disorders, including depression, epilepsy, and cardiovascular disorders [149], may be 
modulated by epigenetic mechanisms. 
4.3. Medication Abuse 
Medication abuse by headache patients may share pathogenic mechanisms and genetic factors 
with other types of drug through enhancement of predisposition factors [150-152]. In this sense, 
inhibition of histone deacetylase 3 seems to play a role in the memory processes involved in 
cessation of drug dependency in animal models [153]. Histone deacetylase 3 is a protein 
expressed in almost all tissues, including the brain, that is responsible for deacetylation of lysine 
residues from central histones. Pisanu et al. [154] were the first to investigate the role of histone 
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deacetylase 3 polymorphisms in relation to excessive medication use. Although this was only a 
pilot study, the results showed a significant association of the G allele polymorphism rs2530223 
with higher medication consumption, although this variant was not associated with frequency or 
intensity of headache episodes [154]. 
4.4. Modification of Noncoding RNAs in Migraine 
Noncoding RNAs are RNA molecules that are not translated into proteins and have a wide 
variety of gene regulatory functions. Among the many known types of noncoding RNA, miRNAs 
stand out because they have been extensively studied in recent years. MiRNAs reduce mRNA 
levels and play an important role in the posttranscriptional processing of genes through formation 
of RNA-induced silencing complexes. MiRNAs also appear to be involved in pain signaling, as 
shown in studies where miRNAs dysregulation was found in patients with complex regional pain 
syndrome, osteoarthritis pain, and fibromyalgia [155]. Based on these findings, alteration of 
miRNA in migraine has also been postulated, but in only a handful of preliminary studies. We 
examined possible changes in miRNA in the blood of patients during the course of migraine 
episodes versus healthy controls and assessed whether chronic differences in blood miRNA levels 
were observed between groups [156]. Subsequently, elevated blood levels of miRNA-34a-5p and 
miRNA-382-5p were observed during migraine attacks, with differences also observed during pain-
free periods. It is interesting to note that miRNA-34a-5p is associated with inflammation and 
vascular endothelial stress response and that miRNA-382-5p is found principally in neurons and 
cerebrospinal fluid, appearing only in small amounts in blood. It has been suggested that the 
blood-brain barrier may exhibit altered integrity during migraine attacks, suggesting that increased 
miRNA-382-5p may originate from central nervous system structures or from cerebrospinal fluid. 
We propose that migraine conditions change the expression of miRNA in blood, not only during 
attacks but also during pain-free periods, indicating that miRNAs play an important role in the 
pathophysiology of migraine. Based on these results, quantification of miRNA in blood might serve 
as a biomarker of migraine, with potential applications for patient stratification, diagnosis, and 
monitoring of treatment [156].  
In a pilot study, Tafuri et al. [157] evaluated expression of circulating miRNAs in female patients 
with history of migraine without aura during pain-free periods compared to healthy controls. A 
specific profile of expression of circulating miRNAs was associated with migraine that was 
statistically distinct from that of healthy controls, with migraine associated with overexpression of 
miRNA-27b and underexpression of miRNA-181a, miRNA-let-7b, and miRNA-22. In addition, in this 
population the specificity and sensitivity of the miRNA pattern for use in diagnosing migraine was 
comparable to the gold standard of clinical criteria. Therefore, concomitant evaluation of these 4 
miRNAs could represent a diagnostic tool for migraine without aura [157]. 
New evidence indicates that endogenous pain control systems, including GABAergic and opioid 
systems, are regulated by miRNAs, such as miRNA-134 or miRNA-181a. In addition, specific 
miRNAs are associated with pathological pain and dysregulated expression of sensory neuron 
channels in mouse models [158-160]. Consequently, knowledge of neuronal miRNA deregulation 
could be applied not only to neuropathic pain but to other pain syndromes including headaches, 
especially migraine headaches. It is known that dopaminergic and glutaminergic signals from the 
amygdala, hippocampus, and prefrontal cortex that are transmitted to the nucleus accumbens 
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participate in impulse control circuits and in emotional aspects of pain processing. Moreover, a 
relationship between chronic pain and emotional dysfunction has been found, with maladaptive 
responses of the nucleus accumbens in neuropathic pain associated with deregulation of miRNA in 
that brain region [161]. Meanwhile, it has been shown that pain can alter expression of certain 
miRNAs influencing expression of primary nociceptive receptors in brain areas associated with 
emotional components of pain [161-168]. Therefore, investigation of miRNA profiles could provide 
potential biomarkers to predict the onset, impact, and evolution of migraine. In addition, 
migraine-associated miRNAs could serve as potential targets for future migraine therapies. 
However, since migraine miRNA research is still in the early explorative stages, further 
investigation and evidence to support the hypothesis are essential before any prediction can be 
made for application of these ideas.Currently, no study has been published yet that links 
alterations in lncRNAs to migraine. 
4.5. Developing Epigenetic-Based Therapies 
The idea behind epigenetic therapy originates from the rationale that DNA methylation and 
histone acetylation can be manipulated to reset a regulatory system to its original regulatory state 
[33]. Since epigenetic processes are dynamic and reversible, they are a highly attractive target for 
drug development. Because the association between gene silencing and histone deacetylation 
catalyzed by HDACs is well established, a growing number of small molecules have been designed 
to inhibit HDACs in order to activate gene expression in regions where aberrant silencing has taken 
place. For example, valproate, a potent HDAC inhibitor, facilitates chromatin remodeling [169]. 
This agent is one example of a prophylactic compound used to treat migraine [75].  
Meanwhile, therapies targeting DNA methylation machinery are also rapidly progressing and 
include both pharmaceutical agents and natural compounds, such as black raspberry extracts. 
Such results belong to a new field of research, nutriepigenetics, which examines the influence of 
dietary agents including methyl donors such as L-methionine, S-adenosylmethionine (SAM), and 
betaine supplements, on epigenetic mechanisms [170, 171]. Indeed, the modulating effect of SAM 
is partly due to decreased methyltransferase activity via downregulation of the DNMT3A transcript. 
Methyl donor supplements reverse DNA hypomethylation that occurs in many diseases, including 
neurological disorders (e.g., depression), inflammatory diseases, osteoarthritis, chronic pain, 
chronic fatigue syndrome, and fibromyalgia [172-175]. There is, however, no direct evidence of 
their efficacy for treatment of migraine.  
In other studies, preliminary success has been achieved using methyl donors as therapies for 
inflammation in vitro. In macrophages [176], SAM reduces lipopolysaccharide-induced expression 
of the proinflammatory cytokine TNF-α and causes increased expression of the anti-inflammatory 
cytokine IL-10, which are both associated with changes in specific gene promoter methylation. 
SAM also reduces inflammation and inhibits several pathways that include, in particular, the IL-6-
dependent signaling pathway. SAM efficiency is optimized by inhibiting the polyamine recycling 
pathway that is possibly responsible for increased consumption of SAM in response to a diverse 
pathogenic mechanisms. Notably, overexpression of spermine/spermidine N1-acethyltransferase 
(SSAT1) increases recycling of polyamines [177] and was found to be increased in rheumatoid 
arthritis synovial fibroblasts. Berenil® (diminazene aceturate), an inhibitor of SSAT1 activity, 
increases the 5-methylcytosine content of DNA in rheumatoid arthritis synovial fibroblasts [178], 
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increases levels of DNMT1, decreases levels of a disease activation marker (matrix 
metalloproteinase-1, MMP1), and alters cell-adhesion capability. As expected, Berenil® is more 
efficient in cells with higher levels of SSAT1. Most interestingly, the combination of Berenil® and 
SAM reduces the invasiveness of rheumatoid arthritis synovial fibroblasts into cartilage by 70%, 
illustrating that epigenetic changes induced by increased SSAT1 levels could be of therapeutic 
value. Clearly, further investigations and more specific nutraceutical or pharmaceutical inhibitors 
are needed. In spite of cytotoxicity issues that remain to be solved, drug development that 
specifically targets epigenetic mechanisms may open up exciting new avenues for migraine 
treatment. 
5. Conclusion and Future Perspectives 
Migraine is a condition with important personal health and social impacts. Both environmental 
and genetic mechanisms are involved in migraine development. Although few studies have 
elucidated the roles and mechanisms of action of epigenetics in migraine, the findings discussed in 
this review provide evidence for the relationship between epigenetics and migraine. Specifically, 
three main points need to be addressed when studying epigenetics in migraine: tissue specificity 
and the source of cells in which epigenetic changes occur; timing of events, for example, of 
histone modifications and DNA methylation; and the migraine phase under study (premonitory, 
aura, headache attack, postdrome). Current data primarily include epigenetic changes observed 
under acute migraine conditions, with maintenance of migraine hypersensitivity and chronification 
requiring further attention.  
It is still too soon to conclude that epigenetics studies will lead to identification of novel 
migraine-specific biomarkers and new therapeutic targets. Currently, the lack of selectivity and 
unwanted side effects of available epigenetic drugs, in addition to the inability to specifically 
target neurons and glial cells, makes it difficult to claim that this approach will be useful and 
readily available for managing migraine patients any time soon. In the meantime, changes in 
patients’ diet, sleep pattern, exercise level, and stress management are more viable options for 
managing migraine pathology. Moreover, changes in lifestyle are highly important in preventing 
susceptible individuals from progressing toward chronic migraine and may be helpful in reversing 
the migraine phenotype. 
We know more about genomics than epigenetics and even less about proteomics and 
metabolomics of migraine [179-181]. Meanwhile, numerous scientific studies assign an 
increasingly dominant role to external factors (environmental or behavioral) associated with 
migraine pathophysiology. Therefore, genetic, epigenetic, and “omic” approaches could 
potentially provide new molecular insight into migraine etiology and should provide tools for 
improved migraine diagnosis, patient stratification, and therapy. In addition, emerging results 
detailing brain epigenomes or human methylome profiles in other complex disorders should 
complement migraine research.  
Due to the availability of so many powerful new tools, many new epigenetically based drugs are 
currently in development and many natural compounds are being tested. Although a combination 
of demethylating drugs and methyl donors appears promising for the treatment of epimutations, 
the majority of research on epigenetics has focused on cancer [182]. What is missing is 
information regarding the differences in efficacy among diverse methyl donors, e.g., SAM, L-
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methionine, and betaine, in their effectiveness for treatment of various pathological states as well 
as their off-target effects. Notably, the discovery of a suitable specific SSAT1 inhibitor should open 
up a promising research area focusing on inhibition of the polyamine recycling pathway. With this 
and so many research avenues opening up in the epigenetics field, more effective precision 
medicines for migraine may be on the horizon.  
Author Contributions  
The author made all contributions to this work. 
Funding 
No funding has been received by any public body, private entity or others. 
Competing Interests 
The author has declared that no competing interests exist. 
References 
1. Dodick DW. Migraine. Lancet. 2018; 391: 1315-1330. 
2. Dodick DW. A phase-by-phase review of migraine pathophysiology. Headache. 2018; 58 Suppl 
1: 4-16. 
3. Gazerani P, Cairns BE. Dysautonomia in the pathogenesis of migraine. Expert Rev Neurother. 
2018; 18: 153-165. 
4. Charles A. The pathophysiology of migraine: implications for clinical management. Lancet 
Neurol. 2018; 17: 174-182. 
5. Steiner TJ, Stovner LJ, Vos T. GBD 2015: migraine is the third cause of disability in under 50s. J 
Headache Pain. 2016; 17. 
6. Stovner LJ, Andree C. Prevalence of headache in Europe: a review for the Eurolight project. J 
Headache Pain. 2010; 11: 289-299. 
7. Burton WN, Landy SH, Downs KE, Runken MC. The impact of migraine and the effect of 
migraine treatment on workplace productivity in the United States and suggestions for future 
research. Mayo Clin Proc. 2009; 84: 436-445. 
8. Lanteri-Minet M. Economic burden and costs of chronic migraine. Curr Pain Headache R. 2013; 
18. 
9. A funding headache. Lancet Neurology. 2007; 6: 939. 
10. Messali A, Sanderson JC, Blumenfeld AM, Goadsby PJ, Buse DC, Varon SF, et al. Direct and 
indirect costs of chronic and episodic migraine in the United States: a web-based survey. 
Headache. 2016; 56: 306-322. 
11. Schultz AB, Chen CY, Edington DW. The cost and impact of health conditions on presenteeism 
to employers: a review of the literature. Pharmacoeconomics. 2009; 27: 365-378. 
12. Ong JJY, Wei DY, Goadsby PJ. Recent advances in pharmacotherapy for migraine prevention: 
from pathophysiology to new drugs. Drugs. 2018; 78: 411-437. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 17/26 
13. Cameron C, Kelly S, Hsieh SC, Murphy M, Chen L, Kotb A, et al. Triptans in the acute treatment 
of migraine: a systematic review and network meta-analysis. Headache. 2015; 55 Suppl 4: 
221-235. 
14. Luvisetto S, Gazerani P, Cianchetti C, Pavone F. Botulinum toxin type a as a therapeutic agent 
against headache and related disorders. Toxins (Basel). 2015; 7: 3818-3844. 
15. Dodick DW, Ashina M, Brandes JL, Kudrow D, Lanteri-Minet M, Osipova V, et al. ARISE: a 
phase 3 randomized trial of erenumab for episodic migraine. Cephalalgia. 2018; 38: 1026-
1037. 
16. Edvinsson L. The CGRP pathway in migraine as a viable target for therapies. Headache. 2018; 
58 Suppl 1: 33-47. 
17. Gasparini CF, Sutherland HG, Griffiths LR. Studies on the pathophysiology and genetic basis of 
migraine. Curr Genomics. 2013; 14: 300-315. 
18. Moriarty M, Mallick-Searle T. Diagnosis and treatment for chronic migraine. Nurse Pract. 2016; 
41:18. 
19. Anttila V, Wessman M, Kallela M, Palotie A. Genetics of migraine. Handb Clin Neurol. 2018; 
148: 493-503. 
20. Nyholt DR, van den Maagdenberg AM. Genome-wide association studies in migraine: current 
state and route to follow. Curr Opin Neurol. 2016; 29: 302-308. 
21. Sutherland HG, Griffiths LR. Genetics of migraine: insights into the molecular basis of migraine 
disorders. Headache. 2017; 57: 537-569. 
22. Ferrari MD, Klever RR, Terwindt GM, Ayata C, van den Maagdenberg AM. Migraine 
pathophysiology: lessons from mouse models and human genetics. Lancet Neurol. 2015; 14: 
65-80. 
23. Tolner EA, Houben T, Terwindt GM, de Vries B, Ferrari MD, van den Maagdenberg AM. From 
migraine genes to mechanisms. Pain. 2015; 156 Suppl 1: S64-S74. 
24. Anttila V, Winsvold BS, Gormley P, Kurth T, Bettella F, McMahon G, et al. Genome-wide meta-
analysis identifies new susceptibility loci for migraine. Nat Genet. 2013; 45: 912-U255. 
25. Gormley P, Anttila V, Winsvold BS, Palta P, Esko T, Pers TH, et al. Meta-analysis of 375,000 
individuals identifies 38 susceptibility loci for migraine. Nat Genet. 2016; 48: 856. 
26. Wessman M, Terwindt GM, Kaunisto MA, Palotie A, Ophoff RA. Migraine: a complex genetic 
disorder. Lancet Neurol. 2007; 6: 521-532. 
27. Mulder EJ, van Baal C, Gaistz D, Kallela M, Kaprio J, Svensson DA, et al. Genetic and 
environmental influences on migraine: A twin study across six countries. Twin Res. 2003; 6: 
422-431. 
28. Honkasalo ML, Kaprio J, Winter T, Heikkila K, Sillanpaa M, Koskenvuo M. Migraine and 
concomitant symptoms among 8167 adult twin-pairs. Headache. 1995; 35: 70-78. 
29. Ulrich V, Gervil M, Kyvik KO, Olesen J, Russell MB. The inheritance of migraine with aura 
estimated by means of structural equation modelling. J Med Genet. 1999; 36: 225-227. 
30. Peroutka SJ. What turns on a migraine? A systematic review of migraine precipitating factors. 
Curr Pain Headache Rep. 2014; 18: 454. 
31. Eising E, Datson NA, van den Maagdenberg AMJM, Ferrari MD. Epigenetic mechanisms in 
migraine: a promising avenue? Bmc Med. 2013; 11. 
32. Passaro D, Rana G, Piscopo M, Viggiano E, De Luca B, Fucci L. Epigenetic chromatin 
modifications in the cortical spreading depression. Brain Res. 2010; 1329: 1-9. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 18/26 
33. Roos-Araujo D, Stuart S, Lea RA, Haupt LM, Griffiths LR. Epigenetics and migraine; complex 
mitochondrial interactions contributing to disease susceptibility. Gene. 2014; 543: 1-7. 
34. Goadsby PJ, Lipton RB, Ferrari MD. Drug therapy: migraine- current understanding and 
treatment. New Engl J Med. 2002; 346: 257-270. 
35. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, Hunter DJ, et al. Finding the missing 
heritability of complex diseases. Nature. 2009; 461: 747-753. 
36. Ku CS, Naidoo N, Wu MC, Soong R. Studying the epigenome using next generation sequencing. 
J Med Genet. 2011; 48: 721-730. 
37. Gerring ZF, McRae AF, Montgomery GW, Nyholt DR. Genome-wide DNA methylation profiling 
in whole blood reveals epigenetic signatures associated with migraine. BMC Genomics. 2018; 
19: 69. 
38. Rakyan VK, Down TA, Balding DJ, Beck S. Epigenome-wide association studies for common 
human diseases. Nat Rev Genet. 2011; 12: 529-541. 
39. Cámaraa MS, Martín Bujandaa M, Mendioroz Iriarte M. Modificaciones epigenéticas en las 
cefaleas. Neurología. 2017. 
40. Waddington CH. The epigenotype. 1942. Int J Epidemiol. 2012; 41: 10-13. 
41. Bird A. Perceptions of epigenetics. Nature. 2007; 447: 396-398. 
42. Egger G, Liang GN, Aparicio A, Jones PA. Epigenetics in human disease and prospects for 
epigenetic therapy. Nature. 2004; 429: 457-463. 
43. Chen Z, Li S, Subramaniam S, Shyy JYJ, Chien S. Epigenetic regulation: a new frontier for 
biomedical engineers. Annu Rev Biomed Eng. 2017; 19: 195-219. 
44. Jablonka E, Lamb MJ. The inheritance of acquired epigenetic variations. Int J Epidemiol. 2015; 
44: 1094-1103. 
45. Pal S, Tyler JK. Epigenetics and aging. Sci Adv. 2016; 2. 
46. Aquino EM, Benton MC, Haupt LM, Sutherland HG, Griffiths LR, Lea RA. Current understanding 
of DNA methylation and age-related disease. OBM Genetics 2018; 2: 016. 
47. Ho SM, Johnson A, Tarapore P, Janakiram V, Zhang X, Leung YK. Environmental epigenetics 
and its implication on disease risk and health outcomes. Ilar J. 2012; 53: 289-305. 
48. Wagner JR, Busche S, Ge B, Kwan T, Pastinen T, Blanchette M. The relationship between DNA 
methylation, genetic and expression inter-individual variation in untransformed human 
fibroblasts. Genome Biol. 2014; 15. 
49. Tang WWC, Dietmann S, Irie N, Leitch HG, Floros VI, Bradshaw CR, et al. A unique gene 
regulatory network resets the human germline epigenome for development. Cell. 2015; 161: 
1453-1467. 
50. Van Dyken JD. DNA methylation and complex human disease. Q Rev Biol. 2017; 92: 336. 
51. Takai D, Jones PA. Comprehensive analysis of CpG islands in human chromosomes 21 and 22. 
P Natl Acad Sci USA. 2002; 99: 3740-3745. 
52. Riggs AD. Citation classic - X-inactivation, differentiation, and DNA methylation. Cc/Life Sci. 
1988: 15. 
53. Riggs AD. X chromosome inactivation, differentiation, and DNA methylation revisited, with a 
tribute to Susumu Ohno. Cytogenet Genome Res. 2002; 99: 17-24. 
54. Riggs AD. X-inactivation, differentiation, and DNA methylation. Cytogenet Cell Genet. 1975; 14: 
9-25. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 19/26 
55. Moore LD, Le T, Fan GP. DNA methylation and its basic function. Neuropsychopharmacol. 
2013; 38: 23-38. 
56. Mohtat D, Susztak K. Fine tuning gene expression: the epigenome. Semin Nephrol. 2010; 30: 
468-476. 
57. Bergman Y, Cedar H. DNA methylation dynamics in health and disease. Nat Struct Mol Biol. 
2013; 20: 274-281. 
58. Gerring ZF, Powell JE, Montgomery GW, Nyholt DR. Genome-wide analysis of blood gene 
expression in migraine implicates immune-inflammatory pathways. Cephalalgia. 2018; 38: 
292-303. 
59. Grunstein M. Histones as regulators of genes. Sci Am. 1992; 267: 68-B74. 
60. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifications. Cell Res. 2011; 
21: 381-395. 
61. Schubeler D, MacAlpine DM, Scalzo D, Wirbelauer C, Kooperberg C, van Leeuwen F, et al. The 
histone modification pattern of active genes revealed through genome-wide chromatin 
analysis of a higher eukaryote. Gene Dev. 2004; 18: 1263-1271. 
62. Lo WS, Trievel RC, Rojas JR, Duggan L, Hsu JY, Allis CD, et al. Phosphorylation of serine 10 in 
histone H3 is functionally linked in vitro and in vivo to Gcn5-mediated acetylation at lysine 14. 
Mol Cell. 2000; 5: 917-926. 
63. Hrdlickova B, de Almeida RC, Borek Z, Withoff S. Genetic variation in the non-coding genome: 
Involvement of micro-RNAs and long non-coding RNAs in disease. Bba-Mol Basis Dis. 2014; 
1842: 1910-1922. 
64. Piletic K, Kunej T. MicroRNA epigenetic signatures in human disease. Arch Toxicol. 2016; 90: 
2405-2419. 
65. Wapinski O, Chang HY. Long noncoding RNAs and human disease. Trends Cell Biol. 2011; 21: 
354-361. 
66. Cao JN. The functional role of long non-coding RNAs and epigenetics. Biol Proced Online. 2014; 
16. 
67. Harrow J, Denoeud F, Frankish A, Reymond A, Chen CK, Chrast J, et al. GENCODE: producing a 
reference annotation for ENCODE. Genome Biol. 2006; 7 Suppl 1: S41-49. 
68. Mattick JS, Rinn JL. Discovery and annotation of long noncoding RNAs. Nat Struct Mol Biol. 
2015; 22: 5-7. 
69. Dykes IM, Emanueli C. Transcriptional and post-transcriptional gene regulation by long non-
coding RNA. Genom Proteom Bioinf. 2017; 15: 177-186. 
70. Cam HP. Roles of RNAi in chromatin regulation and epigenetic inheritance. Epigenomics. 2010; 
2: 613-626. 
71. Butler AA, Webb WM, Lubin FD. Regulatory RNAs and control of epigenetic mechanisms: 
expectations for cognition and cognitive dysfunction. Epigenomics. 2016; 8: 135-151. 
72. Delgado-Calle J, Fernandez AF, Sainz J, Zarrabeitia MT, Sanudo C, Garcia-Renedo R, et al. 
Genome-wide profiling of bone reveals differentially methylated regions in osteoporosis and 
osteoarthritis. Arthritis Rheum-Us. 2013; 65: 197-205. 
73. Alvarado S, Tajerian M, Suderman M, Machnes Z, Pierfelice S, Millecamps M, et al. An 
epigenetic hypothesis for the genomic memory of pain. Front Cell Neurosci. 2015; 9: 88. 
74. Niederberger E, Resch E, Parnham MJ, Geisslinger G. Drugging the pain epigenome. Nat Rev 
Neurol. 2017; 13: 434-447. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 20/26 
75. Lessans S, Dorsey SG. The role for epigenetic modifications in pain and analgesia response. 
Nurs Res Pract. 2013; 2013: 961493. 
76. Buchheit T, Van de Ven T, Shaw A. Epigenetics and the transition from acute to chronic pain. 
Pain Med. 2012; 13: 1474-1490. 
77. Ligon CO, Moloney RD, Greenwood-Van Meerveld B. Targeting epigenetic mechanisms for 
chronic pain: a valid approach for the development of novel therapeutics. J Pharmacol Exp 
Ther. 2016; 357: 84-93. 
78. Doehring A, Geisslinger G, Lotsch J. Epigenetics in pain and analgesia: an imminent research 
field. Eur J Pain. 2011; 15: 11-16. 
79. Liang L, Lutz BM, Bekker A, Tao YX. Epigenetic regulation of chronic pain. Epigenomics. 2015; 7: 
235-245. 
80. Descalzi G, Ikegami D, Ushijima T, Nestler EJ, Zachariou V, Narita M. Epigenetic mechanisms of 
chronic pain. Trends Neurosci. 2015; 38: 237-246. 
81. Bai G, Ren K, Dubner R. Epigenetic regulation of persistent pain. Transl Res. 2015; 165: 177-
199. 
82. Tajerian M, Alvarado S, Millecamps M, Dashwood T, Anderson KM, Haglund L, et al. DNA 
methylation of SPARC and chronic low back pain. Mol Pain. 2011; 7: 65. 
83. Uchida H, Ma L, Ueda H. Epigenetic gene silencing underlies C-fiber dysfunctions in 
neuropathic pain. J Neurosci. 2010; 30: 4806-4814. 
84. Ji RR, Berta T, Nedergaard M. Glia and pain: Is chronic pain a gliopathy? Pain. 2013; 154: S10-
S28. 
85. Machelska H, Celik MO. Recent advances in understanding neuropathic pain: glia, sex 
differences, and epigenetics. F1000Res. 2016; 5: 2743. 
86. Otoshi K, Kikuchi S, Konno S, Sekiguchi M. The reactions of glial cells and endoneurial 
macrophages in the dorsal root ganglion and their contribution to pain-related behavior after 
application of nucleus pulposus onto the nerve root in rats. Spine. 2010; 35: 264-271. 
87. Maeder ML, Angstman JF, Richardson ME, Linder SJ, Cascio VM, Tsai SQ, et al. Targeted DNA 
demethylation and activation of endogenous genes using programmable TALE-TET1 fusion 
proteins. Nat Biotechnol. 2013; 31: 1137. 
88. Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-Cas9 for genome 
engineering. Cell. 2014; 157: 1262-1278. 
89. Iskandar BJ, Rizk E, Meier B, Hariharan N, Bottiglieri T, Finnell RH, et al. Folate regulation of 
axonal regeneration in the rodent central nervous system through DNA methylation. J Clin 
Invest. 2010; 120: 1603-1616. 
90. Vojinovic J, Damjanov N, D'Urzo C, Furlan A, Susic G, Pasic S, et al. Safety and efficacy of an 
oral histone deacetylase inhibitor in systemic-onset juvenile idiopathic arthritis. Arthritis 
Rheum-Us. 2011; 63: 1452-1458. 
91. Vasiliadis HS, Tsikopoulos K. Glucosamine and chondroitin for the treatment of osteoarthritis. 
World J Orthop. 2017; 8: 1-11. 
92. Imagawa K, de Andres MC, Hashimoto K, Pitt D, Itoi E, Goldring MB, et al. The epigenetic 
effect of glucosamine and a nuclear factor-kappa B (NF-kB) inhibitor on primary human 
chondrocytes - Implications for osteoarthritis. Biochem Bioph Res Co. 2011; 405: 362-367. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 21/26 
93. Dou LD, Lin HQ, Wang KW, Zhu GS, Zou XL, Chang EQ, et al. Long non-coding RNA CCAT1 
modulates neuropathic pain progression through sponging miR-155. Oncotarget. 2017; 8: 
89949-89957. 
94. Barter MJ, Young DA. Epigenetic mechanisms and non-coding RNAs in osteoarthritis. Curr 
Rheumatol Rep. 2013; 15. 
95. Kapranov P, Willingham AT, Gingeras TR. Genome-wide transcription and the implications for 
genomic organization. Nat Rev Genet. 2007; 8: 413-423. 
96. Carninci P. Tagging mammalian transcription complexity. Trends Genet. 2006; 22: 501-510. 
97. Montagna P. The primary headaches: genetics, epigenetics and a behavioural genetic model. J 
Headache Pain. 2008; 9: 57-69. 
98. Schurks M. Epigenetics in primary headaches: a new avenue for research. J Headache Pain. 
2008; 9: 191-192. 
99. Gupta S, McCarson KE, Welch KM, Berman NE. Mechanisms of pain modulation by sex 
hormones in migraine. Headache. 2011; 51: 905-922. 
100. Woldeamanuel Y, Cowan R. Worldwide migraine epidemiology: systematic review and meta-
analysis of 302 community-based studies involving 6,216,995 participants. Neurology. 2016; 
86. 
101. Woldeamanuel YW, Cowan RP. Migraine affects 1 in 10 people worldwide featuring recent 
rise: A systematic review and meta-analysis of community-based studies involving 6 million 
participants. J Neurol Sci. 2017; 372: 307-315. 
102. Vetvik KG, MacGregor EA. Sex differences in the epidemiology, clinical features, and 
CrossMark pathophysiology of migraine. Lancet Neurology. 2017; 16: 76-87. 
103. Ripa P, Ornello R, Degan D, Tiseo C, Stewart J, Pistoia F, et al. Migraine in menopausal women: 
a systematic review. Int J Womens Health. 2015; 7: 773-782. 
104. Eikermann-Haerter K, Dilekoz E, Kudo C, Savitz SI, Waeber C, Baum MJ, et al. Genetic and 
hormonal factors modulate spreading depression and transient hemiparesis in mouse models 
of familial hemiplegic migraine type 1. J Clin Invest. 2009; 119: 99-109. 
105. Green CD, Han JD. Epigenetic regulation by nuclear receptors. Epigenomics. 2011; 3: 59-72. 
106. Ruegg J, Cai W, Karimi M, Kiss NB, Swedenborg E, Larsson C, et al. Epigenetic regulation of 
glucose transporter 4 by estrogen receptor beta. Mol Endocrinol. 2011; 25: 2017-2028. 
107. Tan XJ, Dai YB, Wu WF, Kim HJ, Barros RP, Richardson TI, et al. Reduction of dendritic spines 
and elevation of GABAergic signaling in the brains of mice treated with an estrogen receptor 
beta ligand. Proc Natl Acad Sci U S A. 2012; 109: 1708-1712. 
108. Lee ES, Sidoryk M, Jiang H, Yin Z, Aschner M. Estrogen and tamoxifen reverse manganese-
induced glutamate transporter impairment in astrocytes. J Neurochem. 2009; 110: 530-544. 
109. Aurora SK, Wilkinson F. The brain is hyperexcitable in migraine. Cephalalgia. 2007; 27: 1442-
1453. 
110. Tottene A, Conti R, Fabbro A, Vecchia D, Shapovalova M, Santello M, et al. Enhanced 
excitatory transmission at cortical synapses as the basis for facilitated spreading depression in 
Ca(v)2.1 knockin migraine mice. Neuron. 2009; 61: 762-773. 
111. Sauro KM, Becker WJ. The stress and migraine interaction. Headache. 2009; 49: 1378-1386. 
112. Weaver ICG, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Jr S, et al. Epigenetic 
programming by maternal behavior. Nat Neurosci. 2004; 7: 847-854. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 22/26 
113. Weaver ICG. Epigenetic programming by maternal behavior and pharmacological intervention 
- Nature versus nurture: Let's call the whole thing off. Epigenetics. 2007; 2: 22-28. 
114. Tietjen GE, Peterlin BL. Childhood abuse and migraine: Epidemiology, sex differences, and 
potential mechanisms. Headache. 2011; 51: 869-879. 
115. Peterlin BL, Nijjar SS, Tietjen GE. Post-traumatic stress disorder and migraine: Epidemiology, 
sex differences, and potential mechanisms. Headache. 2011; 51: 860-868. 
116. Friedman DI, Dye TD. Migraine and the environment. Headache. 2009; 49: 941-952. 
117. Mukamal KJ, Wellenius GA, Suh HH, Mittleman MA. Weather and air pollution as triggers of 
severe headaches. Neurology. 2009; 72: 922-927. 
118. Kunkler PE, Ballard CJ, Oxford GS, Hurley JH. TRPA1 receptors mediate environmental irritant-
induced meningeal vasodilatation. Pain. 2011; 152: 38-44. 
119. Kunkler PE, Zhang LJ, Johnson PL, Oxford GS, Hurley JH. Induction of chronic migraine 
phenotypes in a rat model after environmental irritant exposure. Pain. 2018; 159: 540-549. 
120. Leishman E, Kunkler PE, Manchanda M, Sangani K, Stuart JM, Oxford GS, et al. Environmental 
toxin acrolein alters levels of endogenous lipids, including TRP agonists: A potential 
mechanism for headache driven by TRPA1 activation. Neurobiol Pain. 2017; 1: 28-36. 
121. Demartini C, Greco R, Zanaboni AM, Tonsi G, Richichi B, Francesconi O, et al. Role of the 
transient receptor potential ankyrin type-1 (TRPA1) channel in migraine pain: evaluation in an 
animal model. J Headache Pain. 2017; 18. 
122. Wu J, Zhang X, Nauta HJ, Lin Q, Li JF, Fang L. JNK1 regulates histone acetylation in trigeminal 
neurons following chemical stimulation. Biochem Bioph Res Co. 2008; 376: 781-786. 
123. Herdegen T, Claret FX, Kallunki T, Martin-Villalba A, Winter C, Hunter T, et al. Lasting N-
terminal phosphorylation of c-Jun and activation of c-Jun N-terminal kinases after neuronal 
injury. J Neurosci. 1998; 18: 5124-5135. 
124. Mielke K, Herdegen T. JNK and p38 stresskinases - degenerative effectors of signal-
transduction-cascades in the nervous system. Prog Neurobiol. 2000; 61: 45-60. 
125. Boyle WJ, Smeal T, Defize LHK, Angel P, Woodgett JR, Karin M, et al. Activation of protein-
kinase-C decreases phosphorylation of C-Jun at sites that negatively regulate its DNA-binding 
activity. Cell. 1991; 64: 573-584. 
126. Lassen LH, Haderslev P, Jacobsen VB, Iversen HK, Sperling B, Olesen J. CGRP may play a 
causative role in migraine. Cephalalgia. 2002; 22: 54-61. 
127. Goldberg SW, Silberstein SD. Targeting CGRP: A new era for migraine treatment. Cns Drugs. 
2015; 29: 443-452. 
128. Wan DJ, Hou L, Zhang XF, Han X, Chen M, Tang WJ, et al. DNA methylation of RAMP1 gene in 
migraine: an exploratory analysis. J Headache Pain. 2015; 16. 
129. Park KY, Fletcher JR, Raddant AC, Russo AF. Epigenetic regulation of the calcitonin gene-
related peptide gene in trigeminal glia. Cephalalgia. 2011; 31: 614-624. 
130. Labruijere S, Stolk L, Verbiest M, de Vries R, Garrelds IM, Eilers PHC, et al. Methylation of 
migraine-related genes in different tissues of the rat. Plos One. 2014; 9. 
131. Kunkler PE, Hulse RE, Kraig TP. Multiplexed cytokine protein expression profiles from 
spreading depression in hippocampal organotypic cultures. J Cerebr Blood F Met. 2004; 24: 
829-839. 
132. Johnson HM, Noon-Song EN, Kemppainen K, Ahmed CM. Steroid-like signalling by interferons: 
making sense of specific gene activation by cytokines. Biochem J. 2012; 443: 329-338. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 23/26 
133. Xuan AG, Long DH, Li JH, Ji WD, Hong LP, Zhang M, et al. Neuroprotective effects of valproic 
acid following transient global ischemia in rats. Life Sci. 2012; 90: 463-468. 
134.Waeber C, Moskowitz MA. Migraine as an inflammatory disorder. Neurology. 2005; 64: S9-S15. 
135. Zhang Z, Cai YQ, Zou F, Bie BH, Pan ZZZ. Epigenetic suppression of GAD65 expression mediates 
persistent pain. Nat Med. 2011; 17: 1448-U152. 
136. Scher AI, Stewart WF, Ricci JA, Lipton RB. Factors associated with the onset and remission of 
chronic daily headache in a population-based study. Pain. 2003; 106: 81-89. 
137. Guo JJU, Ma DKK, Mo H, Ball MP, Jang MH, Bonaguidi MA, et al. Neuronal activity modifies the 
DNA methylation landscape in the adult brain. Nat Neurosci. 2011; 14: 1345-U172. 
138. Nelson ED, Monteggia LM. Epigenetics in the mature mammalian brain: Effects on behavior 
and synaptic transmission. Neurobiol Learn Mem. 2011; 96: 53-60. 
139. Bolay H, Reuter U, Dunn AK, Huang ZH, Boas DA, Moskowitz MA. Intrinsic brain activity 
triggers trigeminal meningeal afferents in a migraine model. Nat Med. 2002; 8: 136-142. 
140. Rana G, Donizetti A, Virelli G, Piscopo M, Viggiano E, De Luca B, et al. Cortical spreading 
depression differentially affects lysine methylation of H3 histone at neuroprotective genes 
and retrotransposon sequences. Brain Res. 2012; 1467: 113-119. 
141. Winsvold BS, Palta P, Eising E, Page CM, van den Maagdenberg AMJM, Palotie A, et al. 
Epigenetic DNA methylation changes associated with headache chronification: A retrospective 
case-control study. Cephalalgia. 2018; 38: 312-322. 
142. Heim C, Binder EB. Current research trends in early life stress and depression: Review of 
human studies on sensitive periods, gene-environment interactions, and epigenetics. Exp 
Neurol. 2012; 233: 102-111. 
143. Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL, Nestler EJ. Sustained hippocampal 
chromatin regulation in a mouse model of depression and antidepressant action. Nat 
Neurosci. 2006; 9: 519-525. 
144. Wilkinson MB, Xiao G, Kumar A, LaPlant Q, Renthal W, Sikder D, et al. Imipramine treatment 
and resiliency exhibit similar chromatin regulation in the mouse nucleus accumbens in 
depression models. J Neurosci. 2009; 29: 7820-7832. 
145. Amir RE, Van den Veyver IB, Wan M, Tran CQ, Francke U, Zoghbi HY. Rett syndrome is caused 
by mutations in X-linked MECP2, encoding methyl-CpG-binding protein 2. Nat Genet. 1999; 23: 
185-188. 
146. Gibbons R. Alpha thalassaemia-mental retardation, X linked. Orphanet J Rare Dis. 2006; 1. 
147. Kobow K, Jeske I, Hildebrandt M, Hauke J, Hahnen E, Buslei R, et al. Increased reelin promoter 
methylation is associated with granule cell dispersion in human temporal lobe epilepsy. J 
Neuropath Exp Neur. 2009; 68: 356-364. 
148. Haas CA, Frotscher M. Reelin deficiency causes granule cell dispersion in epilepsy. Exp Brain 
Res. 2010; 200: 141-149. 
149. Udali S, Guarini P, Moruzzi S, Choi SW, Friso S. Cardiovascular epigenetics: From DNA 
methylation to microRNAs. Mol Aspects Med. 2013; 34: 883-901. 
150. Calabresi P, Cupini LM. Medication-overuse headache: similarities with drug addiction. Trends 
Pharmacol Sci. 2005; 26: 62-68. 
151. Katsarava Z, Fritsche G, Muessig M, Diener HC, Limmroth V. Clinical features of withdrawal 
headache following overuse of triptans and other headache drugs. Neurology. 2001; 57: 1694-
1698. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 24/26 
152. Fuh JL, Wang SJ. Dependent behavior in patients with medication-overuse headache. Curr 
Pain Headache R. 2012; 16: 73-79. 
153. Malvaez M, McQuown SC, Rogge GA, Astarabadi M, Jacques V, Carreiro S, et al. HDAC3-
selective inhibitor enhances extinction of cocaine-seeking behavior in a persistent manner. P 
Natl Acad Sci USA. 2013; 110: 2647-2652. 
154. Pisanu C, Caproni S, Congiu D, Cupini LM, Squassina A, Patrinos GP, et al. HDAC3 role in 
medication consumption in medication overuse headache patients: a pilot study. Hum 
Genomics. 2015; 9. 
155. Andersen HH, Duroux M, Gazerani P. MicroRNAs as modulators and biomarkers of 
inflammatory and neuropathic pain conditions. Neurobiol Dis. 2014; 71: 159-168. 
156. Andersen HH, Duroux M, Gazerani P. Serum microRNA signatures in migraineurs during 
attacks and in pain-free periods. Mol Neurobiol. 2016; 53: 1494-1500. 
157. Tafuri E, Santovito D, de Nardis V, Marcantonio P, Paganelli C, Affaitati G, et al. MicroRNA 
profiling in migraine without aura: Pilot study. Ann Med. 2015; 47: 468-473. 
158. Zhao J, Lee MC, Momin A, Cendan CM, Shepherd ST, Baker MD, et al. Small RNAs control 
sodium channel expression, nociceptor excitability, and pain thresholds. J Neurosci. 2010; 30: 
10860-10871. 
159. Favereaux A, Thoumine O, Bouali-Benazzouz R, Roques V, Papon MA, Salam SA, et al. 
Bidirectional integrative regulation of Cav1.2 calcium channel by microRNA miR-103: role in 
pain. EMBO J. 2011; 30: 3830-3841. 
160. Ni J, Gao Y, Gong S, Guo S, Hisamitsu T, Jiang X. Regulation of mu-opioid type 1 receptors by 
microRNA134 in dorsal root ganglion neurons following peripheral inflammation. Eur J Pain. 
2013; 17: 313-323. 
161. Imai S, Saeki M, Yanase M, Horiuchi H, Abe M, Narita M, et al. Change in microRNAs 
associated with neuronal adaptive responses in the nucleus accumbens under neuropathic 
pain. J Neurosci. 2011; 31: 15294-15299. 
162. Bai G, Ambalavanar R, Wei D, Dessem D. Downregulation of selective microRNAs in trigeminal 
ganglion neurons following inflammatory muscle pain. Mol Pain. 2007; 3: 15. 
163. Aldrich BT, Frakes EP, Kasuya J, Hammond DL, Kitamoto T. Changes in expression of sensory 
organ-specific microRNAs in rat dorsal root ganglia in association with mechanical 
hypersensitivity induced by spinal nerve ligation. Neuroscience. 2009; 164: 711-723. 
164. Kusuda R, Cadetti F, Ravanelli MI, Sousa TA, Zanon S, De Lucca FL, et al. Differential expression 
of microRNAs in mouse pain models. Mol Pain. 2011; 7: 17. 
165. Poh KW, Yeo JF, Ong WY. MicroRNA changes in the mouse prefrontal cortex after 
inflammatory pain. Eur J Pain. 2011; 15: 801 e1-12. 
166. Arai M, Genda Y, Ishikawa M, Shunsuke T, Okabe T, Sakamoto A. The miRNA and mRNA 
changes in rat hippocampi after chronic constriction injury. Pain Med. 2013; 14: 720-729. 
167. Genda Y, Arai M, Ishikawa M, Tanaka S, Okabe T, Sakamoto A. microRNA changes in the dorsal 
horn of the spinal cord of rats with chronic constriction injury: A TaqMan(R) Low Density Array 
study. Int J Mol Med. 2013; 31: 129-137. 
168. Sakai A, Suzuki H. Nerve injury-induced upregulation of miR-21 in the primary sensory 
neurons contributes to neuropathic pain in rats. Biochem Biophys Res Commun. 2013; 435: 
176-181. 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 25/26 
169. Landmark CJ. Antiepileptic drugs in non-epilepsy disorders - Relations between mechanisms 
of action and clinical efficacy. Cns Drugs. 2008; 22: 27-47. 
170. Thakur VS, Deb G, Babcook MA, Gupta S. Plant phytochemicals as epigenetic modulators: Role 
in cancer chemoprevention. Aaps J. 2014; 16: 151-163. 
171. Anderson OS, Sant KE, Dolinoy DC. Nutrition and epigenetics: an interplay of dietary methyl 
donors, one-carbon metabolism and DNA methylation. J Nutr Biochem. 2012; 23: 853-859. 
172. Choi LJ, Huang JS. A pilot study of S-Adenosylmethionine in treatment of functional abdominal 
pain in children. Altern Ther Health M. 2013; 19: 61-64. 
173. Porter NS, Jason LA, Boulton A, Bothne N, Coleman B. Alternative medical interventions used 
in the treatment and management of myalgic encephalomyelitis/chronic fatigue syndrome 
and fibromyalgia. J Altern Complem Med. 2010; 16: 235-249. 
174. Lopez HL. Nutritional interventions to prevent and treat osteoarthritis. Part II: Focus on 
micronutrients and supportive nutraceuticals. Pm&R. 2012; 4: S155-S168. 
175. Kim J, Lee EY, Koh EM, Cha HS, Yoo B, Lee CK, et al. Comparative clinical trial of S-
Adenosylmethionine versus nabumetone for the treatment of knee osteoarthritis: An 8-week, 
multicenter, randomized, double-blind, double-dummy, phase IV study in Korean patients. 
Clin Ther. 2009; 31: 2860-2872. 
176. Pfalzer AC, Choi SW, Tammen SA, Park LK, Bottiglieri T, Parnell LD, et al. S-adenosylmethionine 
mediates inhibition of inflammatory response and changes in DNA methylation in human 
macrophages. Physiol Genomics. 2014; 46: 617-623. 
177. Neidhart M, Karouzakis E, Jungel A, Gay RE, Gay S. Inhibition of spermidine/spermine N1-
acetyltransferase activity. Arthritis Rheumatol. 2014; 66: 1723-1733. 
178. Karouzakis E, Jungel A, Michel BA, Gay RE, Gay S, Neidhart M. Inhibition of 
spermidine/spermine N1-acetyltransferase activity - a new therapeutical concept In 
rheumatoid arthritis. Arthritis Rheum-Us. 2013; 65: S603-S604. 
179. Lionetto L, Gentile G, Bellei E, Capi M, Sabato D, Marsibilio F, et al. The omics in migraine. J 
Headache Pain. 2013; 14. 
180. Gazerani P, Vinterhoj HSH. 'Omics': an emerging field in pain research and management. Futur 
Neurol. 2016; 11: 255-265. 
181. Nyholt DR, Borsook D, Griffiths LR. Migrainomics - identifying brain and genetic markers of 
migraine. Nat Rev Neurol. 2017; 13: 725-741. 
182. Bai ZT, Bai B, Zhu J, Di CX, Li X, Zhou WC. Epigenetic actions of environmental factors and 
promising drugs for cancer therapy (Review). Oncol Lett. 2018; 15: 2049-2056. 
 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804040 
 
Page 26/26 
 
Enjoy OBM Genetics by:  
1. Submitting a manuscript  
2. Joining in volunteer reviewer bank 
3. Joining Editorial Board 
4. Guest editing a special issue  
 
For more details, please visit:  
http://www.lidsen.com/journals/genetics 
 
 
OBM Genetics 
